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Abstract. In this paper, we consider rolling tachyon, with steep run-away type of potentials
non-minimally coupled to massive neutrino matter. The coupling dynamically builds up at
late times as neutrino matter turns non-relativistic. In case of scaling and string inspired
potentials, we have shown that non-minimal coupling leads to minimum in the field potential.
Given a suitable choice of model parameters, it is shown to give rise to late-time acceleration
with the desired equation of state.
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1 Introduction
Since the discovery of late-time cosmic acceleration in 1998 [1–3], model building was under-
taken in cosmology to capture this remarkable phenomenon. To this effect, a variety of scalar
field models including quintessence [4–16], phantom field [17–21], rolling tachyon [22–25] and
others were investigated in the literature. This description, however, has limited predictive
power. Indeed, for a priori given cosmic history, one can always construct a field potential
which would give rise to that history. However, cosmological dynamics of scalar field may
still be of interest if the field has generic features such as tracking behavior [4, 5] or the field
is inspired by a fundamental theory of high energy physics. For instance, rolling tachyon,
inspired by string theory, was taken up with great interest in cosmology few years back.
The string inspired potential for rolling tachyon is typically run-away type. It behaves like
decaying exponential away from the maximum such that dark matter is a late-time attractor
of the dynamics [26–44]. Following work of Sen [22, 23], efforts were made to obtain inflation
[45–84] using rolling tachyon. Though there is region of slow-roll near the top of the poten-
tial, one could not collect enough number of e-folds; there is no adjustable parameter in the
potential (see also Ref. [85] on the related theme).
Following the initial development, cosmologists investigated phenomenologically a num-
ber of potentials in the framework of rolling tachyon. For instance, it was shown that
V (φ) ∼ φ−2, an analog of exponential potential for standard quintessence, gives rise to scaling
solution as an attractor of the dynamics [4, 5]. The equation of state parameter for rolling
tachyon is given by, ωφ = (φ˙
2 − 1) which remains constant during scaling regime such that
ωφ = ωb [26, 27, 86, 87]. Thus, it requires background fluid with negative equation of state
ωb thereby the scaling solution can not track the standard background(matter/radiation) in
this case. Be it the string inspired case or the scaling potential, they can not account for
late-time acceleration. It was demonstrated in Ref. [87] that coupling of tachyon with matter
gives rise to scaling solution which is accelerating and mimics standard matter.
During slow-roll, rolling tachyon dynamics reduces to canonical description. Coupling
to matter then induces minimum in the potential. For large value of the coupling, minimum
of the potential is more pronounced and the field can easily be trapped there mimicking
cosmological constant like behavior. Unfortunately, in this case, the attractor is reached
once matter phase is established which is not a desirable feature; the matter phase should
be left intact.
The above mechanism based upon non-minimal coupling may be salvaged by invoking
non-minimal coupling with massive neutrino matter [88–111] leaving the standard matter
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minimally coupled. We should admit that this is purely a phenomenological setting which
looks attractive for the following reason. Since neutrinos become non-relativistic at late
times, the coupling builds up dynamically at late stages. The late-time acceleration gets
associated with the said physical phenomenon.
In this paper, we shall study rolling tachyon, with scaling and string inspired potentials,
assuming non-minimal coupling to massive neutrino matter and examine the possibility of
late time acceleration in these cases.
2 Rolling tachyon and late time dynamics
We shall consider a situation where a tachyon field φ, with an equation of state ωφ ≡ pφ/ρφ,
is coupled non-minimally to massive neutrino matter with an equation of state ων ≡ pν/ρν .
The continuity equations for ρφ and ρν in the spatially flat Friedmann-Robertson-Walker
(FRW) background are [112]
ρ˙φ + 3H(ρφ + pφ) = −Q
√
V (ρν − 3pν)
φ˙
MPl
, (2.1)
ρ˙ν + 3H(ρν + pν) = Q
√
V (ρν − 3pν)
φ˙
MPl
, (2.2)
where Q is the coupling between the tachyon field and the neutrino matter [113], MPl is the
reduced Planck mass and dots are the derivatives with respect to the time t.
The Lagrangian of a tachyon field is given by
pφ = −V (φ)
√
1− φ˙2 (2.3)
where we have chosen an inverse square potential, V (φ) = 4M2Pl/(λ
2φ2). Here λ, which is
related to the slope of the potential, can be determined for scaling solution, i.e. when ρφ/ρν =
const, by following the same procedure as in [86, 112] and taking into account the change
in the total fractional density at late times for the system being considered here, which is
Ωm +Ωφ +Ων = 1,
λ ≡ −MPl
V ′
V 3/2
= Q
(1− 3ων)(Ων(1 + ων) + Ωφ(1 + ωφ))
Ωφ(ων − ωφ)
(2.4)
where, Ωφ is the tachyon field density parameter.
The energy density for the field φ corresponding to the Lagrangian (2.3) is
ρφ =
V (φ)√
1− φ˙2
(2.5)
Equation of state parameter for tachyon field is therefore,
ωφ ≡
pφ
ρφ
= φ˙2 − 1 (2.6)
In the spatially flat Friedmann-Robertson-Walker background, we have the following Fried-
mann equations,
3H2M2Pl = ρm + ρr + ρφ + ρν , (2.7)
(2H˙ + 3H2)M2Pl = V (φ)
√
1− φ˙2 − ωνρν (2.8)
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Here we have used the standard continuity equations of radiation and non-relativistic matter
(excluding massive neutrino matter which couples directly to the tachyon field),
˙ρm + 3Hρm = 0 (2.9)
ρ˙r + 4Hρr = 0 (2.10)
The equation of motion for the tachyon field φ can then be obtained by using the eqns. (2.1),(2.5)
and (2.6),
φ¨
1− φ˙2
+ 3Hφ˙+
V
′
V
= −
√
1− φ˙2
√
VMPl
Q(ρν − 3pν) (2.11)
with the equation-of-state parameter for the neutrino matter defined in such a way that
neutrinos are relativistic for most of the history of the universe and become non-relativistic
in the recent times [110],
ων =
1
6
[
1 + tanh
(
ln(1 + z)− zeq
zdur
)]
(2.12)
where the epoch around which the transition of neutrino from relativistic to non-relativistic
occurs, is determined by zeq and zdur determines how smoothly this transition takes place.
We define the following dimensionless energy density parameters for matter, radiation, neu-
trino and tachyon field, respectively,
Ωm =
ρm
3H2M2Pl
(2.13)
Ωr =
ρr
3H2M2Pl
(2.14)
Ων =
ρν
3H2M2Pl
(2.15)
Ωφ =
ρφ
3H2M2Pl
(2.16)
Figure 1 shows the evolution of density parameters for matter, radiation, neutrino and
tachyon field. We have started the analysis of the evolution of Universe from the radiation
dominated era followed by the matter dominated epoch. The Universe has recently entered
the dark energy dominated epoch which, in this figure, is characterized by the non-minimal
coupling of tachyon field with neutrino matter. In figure 2, we have shown the evolution of
various equation-of-state parameters as the universe evolves. During the radiation dominated
era, since the neutrinos are relativistic, the equation of state parameter for radiation as well
as the neutrino matter is 1/3. Neutrinos remain relativistic even after the radiation cease
to dominate and have become non-relativistic only in the recent past. The equation-of-state
parameters, ωeff , ωφ and ωDE, approaches -1 at the present time since the universe is going
through an accelerated expansion.
We define the following dimensionless quantities,
x =
φ˙√
2
, y =
√
V√
3HMPl
, Ωm =
ρm
3H2M2Pl
, Ωr =
ρr
3H2M2Pl
,
λ = −MPl
V ′
V 3/2
, ων =
1
6
[
1 + tanh
(
ln(1 + z)− zeq
zdur
)]
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Figure 1. Figure shows the evolution of energy density parameters for radiation(red dashed line),
matter(black solid line), tachyon field(purple dotted line) field and neutrino matter(blue dotdashed
line), respectively, with respect to Log10(1 + z). Here, we have considered zdur = 3.0.
0 2 4 6
-1.0
- 0.8
- 0.6
- 0.4
- 0.2
0.0
0.2
Log 10 H 1 + z L
Ω
ΩDE
ΩΝ
ΩΦ
Ωeff
Figure 2. Figure shows the evolution of equation-of-state parameters, ωeff (black solid line), ωφ
(purple dotdashed line), ων (blue dashed line) and ωDE (red dotted line), respectively, with respect
to Log10(1 + z). We took zdur = 3.0 to plot this figure.
so that the cosmological equations in the autonomous form are written as,
dx
dN
= (1− 2x2)
(
−3x+
√
3
2
λy +
√
3
2
√
1− 2x2
y
Q(3ων − 1)Ων
)
, (2.17)
dy
dN
=
y
2
(
3−
√
6λxy − 3y2
√
1− 2x2 + 3ωνΩν +Ωr
)
, (2.18)
dΩm
dN
= Ωm
(
−3y2
√
1− 2x2 + 3ωνΩν +Ωr
)
, (2.19)
dΩr
dN
= Ωm
(
−1− 3y2
√
1− 2x2 + 3ωνΩν +Ωr
)
, (2.20)
dων
dN
=
2ων
zdur
(3ων − 1) (2.21)
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where, N ≡ ln a, is the number of e-foldings.
The equation of state parameters in terms of the dimensionless variables can now be written
as
ωφ = 2x
2 − 1 ,
ωeff = −y2
√
1− 2x2 + ωνΩν +
Ωr
3
Energy density parameter for the tachyon field in terms of the dimensionless variables can
be written as
Ωφ =
y2√
1− 2x2
, (2.22)
and since
Ωm +Ωr +Ωφ +Ων = 1, (2.23)
we can write the energy density parameter for neutrino matter as
Ων = 1− Ωm +Ωr +Ωφ (2.24)
Dark energy contribution comes from the tachyon field as well as the neutrino matter
ΩDE = Ωφ +Ων (2.25)
Fixed points can be obtained by equating eq. (2.17)-(2.21) to zero. The fixed points for the
system in which a tachyon field is non-minimally coupled to matter are derived in [87] and
will be the same if we consider the case of tachyon field non-minimally coupled with neutrino
matter. We are interested in the one which corresponds to the scaling solution, which as
given in [87] is,
x = x¯, y =
3√
6(λ+Q)x¯
(2.26)
where, x¯ satisfies the following relation
√
1− 2x¯2
x¯2
=
2Q(λ+Q)
3
(2.27)
The equation of state parameter for the tachyon field corresponding to the above fixed point
is,
ωφ = 2x¯
2 − 1 = 9
2Q2(Q+ λ)2
[
−1 +
√
1 +
4
9
Q2(Q+ λ)2
]
− 1 (2.28)
Clearly, as Q→ 0, x → 1/
√
2, y →
√
3/(λ +Q), ωφ → 0 while in the limit Q → ∞, x→ 0,
y → 1, ωφ → −1. So, the accelerated expansion is realised for large Q.
From eq. (2.6), it can be clearly seen that late time acceleration can only happen if φ˙ is very
small. So in the limit when φ˙ ≪ 1, tachyon lagrangian (2.3) can be approximated at late
times as,
pφ ≈ −V (φ) + V (φ)
φ˙2
2
(2.29)
which can be written in the canonical form by redefining the field as
V (φ) =
(
∂σ
∂φ
)2
, (2.30)
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provided that the potential is very shallow at late times. Relation between φ and σ can be
obtained by integrating (2.30)
λσ
2MPl
= lnφ− lnC (2.31)
so that V (σ) reads
V (σ) =
4M2Pl
λ2C2
e−λσ/MPl (2.32)
where C is the integration constant.
So, if at present time σ = σ0 and V (σ) = V (σ0), then
C2 =
4M2Pl
λ2V (σ0)
e−λσ0/MPl (2.33)
so that
V (σ) = V (σ0)e
−λ(σ−σ0)/MPl (2.34)
Eq. (2.29) becomes
pσ =
σ˙2
2
− V (σ), (2.35)
with equation of state parameter taking the form
ωσ =
σ˙2
V
− 1 (2.36)
and equation of motion in terms of the new field σ is
σ¨ + 3Hσ˙ = −∂V
∂σ
− Q
MPl
ρν (2.37)
considering the fact that neutrinos become non-relativistic at late times.
Now, if we define, ρ˜ν = ρνe
−Q(σ−σ0)/MPl , then the effective potential can be written as
Veff(σ) = V (σ) + ρ˜νe
Q(σ−σ0)/MPl (2.38)
which has a minimum at
σmin = σ0 +
MPl
Q+ λ
ln
[
V (σ0)λ
Qρ˜ν
]
(2.39)
which gives us the effective potential, Veff at the minimum
Veff(σmin) = V (σmin)
[
1 +
λ
Q
]
(2.40)
where,
V (σmin) =
Q
λ
ρν(σmin), (2.41)
is the potential at minimum. Now, effective potential can be rewritten as
Veff(σmin) = Ων(σmin)
[
1 +
Q
λ
]
3H20M
2
Pl (2.42)
As given by the Planck 2015 results [114], the bound on neutrino matter is Ων . 0.005 and
the fact that field must settle down at the minimum of the effective potential in order to
– 6 –
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Figure 3. Figure shows the evolution of deceleration parameter, q with respect to redshift z.
get the late time cosmic acceleration, Q≫ λ for the effective potential to be of the order of
3H20M
2
Pl at the minimum.
Furthermore, we have determined the cosmological deceleration-acceleration transition red-
shift [115–119]. The deceleration parameter, for the model under consideration, is defined
as
q ≡ − a¨
aH2
=
1
2
[Ωm +Ωφ(1 + 3ωφ) + Ων(1 + 3ων) + 2Ωr] (2.43)
The redshift at which the deceleration parameter, q, changes sign from positive to
negative corresponds to the onset of late-time acceleration. Figure 3 shows the evolution of
the deceleration parameter q with respect to the redshift z. The redshift around which the
transition from the decelerating expansion to the accelerating expansion occurs is found to
be zda = 0.663.
2.1 Observational Constraints
In figure 4, we have constrained our model parameters (Q,λ) using Supernovae and BAO
data. We have used the compilation of 580 data points of Union2.1 dataset [120] for SN1a
observation and for BAO observation, we have used the data from [121]. The constraints
on the model parameter Q and λ are obtained by marginalising χ2 over the value of Ων0.
As can be seen from the figure, the values of λ > 0.72 are ruled out at 1σ level while from
2σ confidence contour, the upper bound on λ is 1.4 for large vales of Q so that the ratio
Q/λ ≫ 1 which is required for the minimum of the effective potential to be of the order of
3H20M
2
Pl at the present epoch. The dashed line in the plot corresponds to the redshift where
q = 0.
In figure 5, we have shown the evolution of normalized Hubble parameter for our model
and compared it with that of the ΛCDM model. We have also plotted data points for
normalized Hubble parameter, H/H0 with 1σ error bars which have been calculated from the
compilation of 29 points of H(z) data [115, 116] using the present value of Hubble parameter,
H0 = (67.8 ± 0.9) km s−1 Mpc−1 from Planck 2015 results [114]. Error in H/H0 can be
– 7 –
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Figure 4. Figure shows the 1σ (grey) and 2σ (light grey) contours for the model parameters Q and λ
using SN1a and BAO data. The dashed line corresponds to the onset of late-time cosmic acceleration.
The q = 0 dashed line clearly separates the decelerating and accelerating regimes.
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Figure 5. Figure shows the normalized Hubble parameter for the model being studied in this pa-
per(blue solid line) and ΛCDM(green dashed line) with respect to the redshift, z. We have also plotted
the normalized Hubble data with 1σ error bars calculated from the compilation of H(z) data points
[122–128].
calculated [129] as
σ(H/H0) =
(
σH
H
+
σH0
H0
)
H
H0
(2.44)
We thereby concludes that our model satisfies the observational constraints in the comfortable
region of the parameter space (Q,λ).
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Figure 6. Figure shows the evolution of equation-of-state parameter with respect to Log10(1 + z),
for the case of string inspired exponential potential.
3 Cosmology with string inspired Potential
As mentioned in the introduction, the string inspired potential for rolling tachyon typically
behaves as decaying exponential away from its maximum. In this case, the dark matter like
solution with ωφ = 0 is a late-time attractor of the system [47]. In what follows, we now
consider the case of exponential potential of tachyon field of the form
V (φ) = V0e
−αφ (3.1)
where α is a constant with mass dimension 1 and λ is the dimensionless parameter which is
associated with the slope of potential. In case of the exponential potential, we have
λ ≡ −MPl
V ′
V 3/2
=
αMPl√
V
(3.2)
which is not constant and hence does not give the scaling solution. Rolling tachyon with
string inspired potential as such can not give rise to late-time acceleration. One might bring
in a class of phenomenological potentials to do the job. In our opinion, it could still be of
interest if the dynamics has generic features such as scaling behavior we considered before. As
for the string inspired case, we could hope to get the desired late-time behavior by bringing
in again the massive neutrino matter. Considering then the interaction between tachyon
field and massive neutrino matter, we study the late-time dynamics for exponential potential
by following the same procedure as above. So, in addition to the cosmological equations
(2.17)-(2.21), we also have the evolution equation of λ,
dλ
dN
=
√
3
2
λ2xy (3.3)
Solving these equations numerically, the figure 6 shows that even though we get non-scaling
solutions, the effective equation of state parameter approaches -1 at late times because of the
coupling between tachyon field and neutrino matter.
– 9 –
4 Conclusion
In this paper, we have investigated a system in which the tachyon field is non-minimally
coupled to massive neutrino matter. In such a system, the equation of state parameter of
neutrino matter is chosen phenomenologically such that neutrinos are relativistic for most
of the history of universe and become non-relativistic only in the recent past. We have
considered potentials that correspond to scaling as well as the non-scaling solutions. First,
we have investigated the inverse square potential, φ−2, for which the slope, λ = −MPlV ′/V 3/2
is a constant thereby the tachyon field exhibits a scaling behavior. However, in this case, the
field can mimic a hypothetical background fluid with negative equation of state. We have
shown that situation can be remedied by invoking non-minimal coupling to massive neutrino
matter.
In presence of coupling, the scaling solution is an attractor of the system which mimics the
desired equation of state for a very large value of coupling constant, Q. We numerically
checked that φ˙≪ 1 in the asymptotic limit. In this limit, it is shown that the tachyon field is
reduced to the canonical field at late times through a suitable transformation. Since tachyon
is non-minimally coupled to neutrino matter and coupling builds up dynamically only at late
stages, the effective potential of the field acquires a minimum at late times.
According to Planck 2015 results [114], the bound on present value of massive neutrino
matter is Ων . 0.005 which implies that coupling should be large for the field to settle
down at the minimum of the potential around the present epoch(as shown in eq. (2.42)).
We have analytically demonstrated that late time cosmic acceleration can be realized if the
tachyon field is coupled non-minimally to the massive neutrino matter thereby leaving the
matter dominated epoch intact. We have also shown the 1σ and 2σ confidence level in the
parameter space (Q,λ) using SN1a and BAO data. The normalized Hubble parameter for
ΛCDM and our model have also been plotted and we have compared that with the H(z) data.
Secondly, we have also examined the case of string inspired exponential potential that does
not give rise to the scaling solution for the model under consideration. Indeed, in this case,
the dark matter like solution is a late-time attractor of the system. We have demonstrated
that due to the coupling between tachyon and massive neutrino matter, ωeff approaches -1 at
late times as shown in figure 6. We therefore conclude that rolling tachyon with and without
scaling potential can successfully give rise to late time acceleration by invoking non-minimal
coupling with massive neutrino matter.
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